I. INTRODUCTION
Indium nitride (InN) is a small band-gap semiconductor with the largest electron saturation velocity, smallest effective electron mass and highest electron mobility among the group 13 nitrides. 1, 2, 3 It is possible to integrate InN in existing high electron mobility transistors (HEMT) making InN a key material for future high frequency transistors.
However, deposition of single crystalline InN films is challenging with conventional chemical vapor deposition (CVD) technology using trimethyl indium (In(CH3)3) and ammonia. The InN film decomposes to indium metal and N2 gas even at deposition temperatures as low as 500 °C, 4 setting an upper limit for the deposition; this forces the use of use NH3/In(CH3)3 ratios on the order of 100,000 due to the poor reactivity of ammonia at these low temperatures. 5 An alternative approach for depositing InN is a time-resolved CVD technique where the poor reactivity of NH3 is overcome by allowing it to react with chemisorbed indium-containing surface moieties rather than relying on this reactivity in the (dilute) gas phase. Recent studies of InN deposition by atomic layer deposition (ALD) have shown that it is indeed possible to deposit InN with high crystalline quality using In(CH3)3 and nitrogen plasmas. 6, 7 For use in electronics, one of the most important aspects of the deposited InN film is low impurity levels, particularly for carbon and oxygen. It is a well-known problem in ALD that the low deposition temperatures used to maintain self-limiting behaviour can lead to carbon impurities in the few atomic percent range when metal precursors with metal-carbon bonds are used. 8 A recent study on plasma ALD of InN demonstrated that very long plasma exposures (on the order of 100 s) were needed to bring the carbon levels in InN films down to around 3 atomic percent. 7 Great care must also be taken in the construction and operation of the ALD reactor to minimize any traces of oxygen as indium is more prone to form the oxide, In2O3, than the nitride, InN. This is highlighted by the standard formation enthalpies (ΔHf°) for In2O3 and InN (-925.8 kJ/mol 9 and -36.3 kJ/mol 10 , respectively). Thus, InN ALD cannot be undertaken in an oxidizing atmosphere and chosen indium precursors suitable for ALD of In2O3 such as In(I)Cp cannot be used as there is nothing to oxidize the metal center to In(III).
When considering an ALD precursor for oxygen and carbon free deposition of indium nitride, the lack of oxygen and In-C bonds in the precursor is paramount, as is the +III oxidation state of the indium center. Tris-N,N,-dimethyl-N',N"-diisopropylguanidinatoindium(III) (1) has previously been used as both a CVD precursor 11 as well as an ALD precursor 12 for the deposition of indium oxide. This suggests that this precursor has an appropriate chemisorption chemistry to be further explored for nitride deposition. However, an in-depth reading of the principle literature on this compound suggests that it exhibits a complicated thermal behaviour that needs to be investigated further.
In a previous publication, 1 was seen to have an encouraging thermogravimetric (TG) trace, with the onset of volatility at approximately 60 °C and 85 mTorr of vapor pressure at 150 °C.
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The residual mass was about 12%, and appeared to deposit indium metal. Chemical vapour deposition occurred above 275 °C using air (i.e., O2 + H2O from ambient conditions) and resulted in an amorphous film that could be annealed to crystalline, cubic indium oxide at 1125 °C. The film was found to contain 1 -2% of indium metal as deposited.
The same compound was shown to exhibit ALD-type deposition in a well-defined thermal window from 230 °C -300 °C, 12 which overlaps with the suggested CVD conditions. At a growth temperature of 240 °C, the growth rate of In2O3 was found to plateau at 0.4 -0.45 Å/cycle at 4 seconds exposure, using water as the co-reactant.
Although the errors bars are significant, the plateau has a slope that hints at a small CVD component. GI-XRD showed the deposited film to be crystalline above 180 °C, and XPS was used to determine that the film had appropriate stoichiometry.
In both previous reports, the thermal chemistry of 1 was seen to be complex. It showed some evidence of carbodiimide (CDI) elimination at temperatures as low as 110 °C in reference 11 , but was reported as stable up to 160 °C in reference 12. In both cases, complex thermal behaviour was suggested at higher temperatures, with diisopropylcarbodiimide reported as a potential decomposition product in both cases. This is expected, as aluminum guanidinates have previously shown carbodiimide elimination. The prime example of this was the monoguanidinatobisamidoaluminum(III) species which was seen to produce carbodiimide and homoleptic trisamidoaluminum(III) in the gas phase (Fig. 1) . The aluminum analogue of 1 was seen to undergo a low-temperature thermolysis at approximately 120 ° C by TG analysis, showing mass losses corresponding to carbodiimide elimination, although the carbodiimide was only seen as a thermolysis product in the solution phase. 13 This suggests that there might be a thermal decomposition pathway for 1 that could produce a heteroleptic gas phase byproduct that acts as the deposition precursor (Fig. 2) .
FIG. 2. Carbodiimide elimination to produce heteroleptic indium (III) species.
This is an important aspect of group 13 guanidinate chemistry to understand, since the ligand environment of the deposition precursor greatly affects the surface chemistry of deposition. A recent paper by Devi and coworkers shows that, compared to trisamidinatoindium (III) compounds, 14 heteroleptic bisamidinatomonomethylindium(III) compounds have a higher residual mass in the TG (14% vs. 5%) and different crystallinity in the deposited indium oxide, suggesting different surface-precursor chemistry. Given that 1 was kept at 130 °C for ALD 12 and 150 °C for CVD, 11 the nature of this thermolysis needs to be better understood. Herein we report the synthesis of one of the intermediates of the carbodiimide elimination reaction, and discuss the thermolysis and likely fate of 1 when heated in a bubbler and in the gas phase.
II. EXPERIMENTAL
A. Precursor Synthesis
The synthesis of compound 1 was carried out in an MBraun Labmaster 300 nitrogen-filled glovebox. Firstly, a lithiated guanidinate species was synthesized by dissolving LiNMe2 (0.144 g, 2.7 mmol) in approximately 30 mL of hexanes and a few drops of ether in a 100-mL flask with rapid stirring. In a separate vial, N,N'-diisopropylcarbodiimide (0.345 g, 2.7 mmol) was dissolved in approximately 10 mL of hexanes. Both solutions were placed in the freezer for 20 minutes at -35 °C, then the carbodiimide solution was added dropwise by pipette to the LiNMe2 slurry. The mixture was allowed to warm to room temperature and was stirred overnight. The lithiated guanidinate product could not be isolated by drying, therefore, it was left in solution and used in the following synthetic step. 
B. Thermogravimetric Analysis
For all TGA experiments, the same sequence of steps was followed on the TGA Q500 instrument inside a nitrogen-filled glovebox. The desired sample (between 10 and 30 mg) was placed on a tared platinum pan with nitrogen flow rates set to 60 sccm.
In ramped TGA experiments, the sample was placed on the pan and the furnace was heated at a rate of 10 °C/minute to 600 °C. The mass loss profile for 1 showed a relatively clean volatilization curve without any obvious bumps indicative of decomposition, but had a residual mass of 16% (indicating some form of decomposition, possibly occurring simultaneously with volatilization). Compound 2 had a mass loss profile with various features indicative of decomposition and a residual mass of approximately 25%.
Isothermal TGA experiments allowed the sample to be held at a constant temperature over the length of the experiment; the temperature chosen was roughly the temperature at which the ramp experiment demonstrated 1% mass loss of the compound.
In its isotherm at 130 °C, compound 1 showed linear mass loss over time, but even after 1600 minutes of heating, the compound did not volatilize completely (70% mass remaining). At 150 °C, the sample demonstrated a linear mass loss over time, until bottoming out at approximately 20% mass; this decomposition occurred after 200 minutes at 160 °C.
C. NMR Tube Thermolysis
In the NMR tube thermolysis experiment of 1, a traditional NMR thermolysis was performed. A thick-walled NMR tube was filled with a sample of 1 inside the nitrogen glovebox. The sample was then dissolved in d6-benzene under an atmosphere of nitrogen on a Schlenk line. The NMR tube was flame sealed under vacuum on a Schlenk line after being under at atmosphere of argon gas. For the length of the experiment, the NMR tube was placed in a closed oven set at 150 °C.
After 1 hour at 150 °C, an 1 H NMR showed, aside from the expected peaks for 1, additional small peaks for N,N'-diiosopropylcarbodiimide (CDI) and protonated guanidine. The septets for both decomposition products (CDI and protonated guanidine) were overlapping, so their collective integration was calculated and compared to that of 1; note that these comparisons take into account that one molecule of precursor would decompose to three of either products. It is also important to note that over the course of these experiments, a brown insoluble product formed and was visible in the tube; due to its insolubility it was likely not represented in the NMR spectrum and its presence increased with increased heating and time.
After the first hour of heating at 150 °C, the ratio of 1 to its decomposition products was approximately 4.7. Over a period of five hours, the decomposition products' appearance increased to raise the former ratio to 3.7. After a further 43 hours of heating at 150 °C, the ratio only further increased to 3.3. Over all time that 1 was heated at 150 °C, the ratio of CDI to guanidine in the NMR spectrum remained relatively constant, decreasing slightly from 1.6 to 1.4. The ratio of 1 to CDI decreased from ~6.2 to 4.6, and the ratio of 1 to guanidine from 10.0 to 6.4. This is to say that 1 was certainly decomposing over time at 150 °C, and decomposition to CDI was much more prevalent than to guanidine.
The temperature of the oven was then increased to 160 °C. Over the first five hours at this temperature, the ratio of 1 to decomposition products remained constant around 3.3. The tube was then left to heat over time periods of 24 hours or greater; after 167 hours at 160 °C (on top of the 48 hours at 150 °C), the ratio of 1 to decomposition products had increased to 1.93. The ratio of CDI to guanidine increased to 1.3.
The NMR tube was subsequently heated at 170 °C. After 24 hours, the ratio of precursor to decomposed product increased to 1.68, and after a further 72 hours, the ratio increased to ~1.1; the ratio of CDI to guanidine remained relatively constant from previous heating. The ratio continued to decrease over the next 24 hours to just below 1.
Upon increasing the temperature to 180 °C for 24 hours, the ratio of precursor to decomposed products decreased to 0.7 with the CDI:guanidine ratio constant around 1.3.
After a final 24 hours of heating at 180 °C, the ratio of 1 to decomposition products increased to 0.5 and the ratio of CDI to guanidine varied slightly to 1.1.
III. MODELLING
All quantum chemical computations were made with the Gaussian 09 software. The geometries were verified to have none imaginary frequencies for the minima and one negative frequency along the reaction path for the transition states.
IV. RESULTS AND DISCUSSION
The computational elimination mechanism was modeled as the reverse CDI insertion mechanism onto aluminum reported earlier, 19 and similar stationary structures were found along the predicted reaction path. The mechanism is composed of six 
Intermediate. The metastable intermediate was formed after further rotation
allowing the lone pair on the dimethyl amine to coordinate to the indium center. As the structure is sterically relaxed the covalent nitrogen indium bond is somewhat elongated (2.11 Å). The migration barrier is slightly higher than the barrier for chelation in terms of electronic energy making it more probable for the intermediate to rechelate rather than migrate at low temperatures. The barrier difference for free energy is smaller and decreases with increased temperature indicating an equal probability for the reactions at higher temperatures. Separated. Separation of the adduct caused a slight increase in the electronic energy and enthalpy, but entropic factors permitted a significant drop in the free energy.
Migration (TS2)
As the temperature was increased in the model, the free energy decreased further. At standard temperature and pressure, 1 had the lowest energy, but at approximately 210 °C the separated products became lower in free energy. This confirms that the cause of CDI elimination is an increase in entropy.
nd elimination. Reactant and product geometries for the elimination of CDI from
2 to 3 was also computed. The resulting energies were similar to the first, with the main difference being that the relative free energy of the second elimination was slightly higher (10-20 kJ/mol) for all investigated temperatures.
Temperature dependence. The reaction free energy for both eliminations was decreased with increased temperature, as was expected for an entropically driven process (Fig. 4) . The first elimination changed from endo-to exergonic at approximately 210 °C while the second changed at approximately 265°C. The double elimination (the first followed by the second) also followed this trend but had a much steeper slope than single Equilibrium. From the reaction free energy, the equilibrium constant and the equilibrium concentration of the species in the reaction could be calculated. When the partial pressure of 1 was set to 1 mbar (a reasonable vapour pressure for deposition experiments), it showed some decomposition even at room temperature, and at temperatures above 160 °C it was almost fully decomposed (Fig. 5 ). The concentration profile shows similarities with the TG profile (vide infra). Compounds 1 and 2 were in a balanced equilibrium at about 120 °C, and compound 3 began to show an appreciable partial pressure at this temperature. At the temperature of the vaporization processes (130 °C -150 °C), both deinsertions could occur readily to produce 3.
FIG. 5.
The partial pressures from CDI elimination of 1 to produce 2 and 3.
Given the calculational conclusion that carbodiimide elimination is viable, an extended thermolysis testing was undertaken. In the literature, isotherms at 100 °C and 120 °C were reported to be linear over 3.5 hours, 12 and extended 8-hour isotherms of 1 showed similar behaviour (Fig. 6 ). The isotherms remained linear during mass loss at both 130 °C and 150 °C (N. B., the slight modulation at the top of each trace was due to ramping the TG to the set point temperatures). The isotherm at 130 °C showed a modest 0.013 mg/minute weight loss while the 150 °C showed 0.051 mg/minute loss. The isotherm at 130 °C could not reasonably be run to completion since it would require a greater than 1600 minute experiment, but at 150 °C, the linear weight loss had a 20% residual mass. This means that decomposition to a non-volatile side product and evaporation occurred at the same rate throughout the 150 °C isotherm, suggesting that these two events are coupled.
Elimination of carbodiimide would produce bis-N,N,-dimethyl-N',N"-diisopropyl dimethylamido guanidinatoindium(III) (2, Fig. 2 ). This compound was synthesized as a yellow liquid in low yield by two successive salt metathesis reactions, beginning with indium trichloride: with the lithium guanidinate and two equivalents of amide, respectively. Compound 2 was found to have a poor TG trace, with several decomposition features (Fig. 7b) . (Fig. 7a) , the high residual mass suggested decomposition was occurring.
The presence of carbodiimide in the previous thermolyses 1 H NMR 11, 12 suggests that 1 is at least partially converting to 2, or another heteroleptic derivative of 1. The TG for 2 showed more resolved decomposition and volatilization steps, and had a significantly high residual mass (25%) that itself continued to decompose as the temperature increased (Fig. 7b) . The residual mass was a grey, charred solid. The 1 H NMR evidence from sealed, thermolyzed samples again showed CDI elimination, suggesting that the residual mass is somehow related to the monoguanidinato species 3 (Fig. 2) .
Synthetic efforts to make and isolate 3 were surprisingly unsuccessful, with the reaction mass becoming a viscous, intractable paste. Although several methods of workup were employed, no characterizable material could be isolated from the reaction mixture. We hypothesize that the low coordination number and the large indium centre together allowed the material to form a large order oligomer (or possibly a polymer), preventing isolation. However, this fits well with the thermal chemistry seen above. If 1 underwent successive CDI eliminations to ultimately form a non-volatile polymer of 3, this would provide the residual mass seen in both TG traces in Fig. 7 .
The evolution of CDI from 1 was followed over two weeks in a sealed NMR tube.
The tube was heated in steps to 150 °C (2 days), 160 °C ( The peak ratio in the 1 H NMR for the doublets of 1 against the doublet for CDI (Fig. 8a) showed that the rate of decomposition was relatively constant over 2 weeks, even as temperature was raised from 150 °C to 180 °C. It should be noted that the first two data points (within 2 hours of sealing and heating the tube) were excluded.
Commonly, even the most carefully sealed tube will show degradation of the product due to flame-sealing the NMR tube. The constant decline of 1 over this temperature range again demonstrated the thermal instability at temperatures near the necessary bubbler temperature of 1, and suggested further that CDI was a major by-product of decomposition. However, the 1 guanidine, as well as other septet and doublet environments that represent environments of 2 and potentially other isopropyl-containing ligand environments. This showed that CDI elimination was not the only thermal process that 1 undergoes. Additionally, the quantification of these data is provisory: there was significant precipitate that formed during the thermolysis. Again, we suspect this to be intractable 3, but this material was uncharacterized.
V. SUMMARY AND CONCLUSIONS
Compund 1 showed a low-lying and complex thermolysis that could affect its use in deposition conditions. The previously reported temperatures for evolving vapor from H NMR suggest that the decomposition will occur over a period of weeks, and that it is relatively insensitive to temperature in the range of 150 °C to 180 °C. The major product of decomposition is diisoproylcarbodiimide, and this elimination can lead having a vapor mixture containing both species 1 and 2, while also producing a nonvolatile decomposition byproduct 3. Some free guanidine was also found as a byproduct of the NMR thermolysis experiment, but this pathway seems to be a significant minority.
The precursor 1 has been successfully used in both CVD and ALD deposition conditions, but in both reported processes, there was noted difficulties with the precursor.
After extensive thermal testing, it appears that the compound does not degrade significantly faster as temperature is increased, but has a steady thermal decomposition mainly due to carbodiimide elimination. This suggests that 1 can be successfully used for indium nitride deposition, but substantial amounts of precursor should not be stored in the bubbler for multiple runs. Rather, small amounts of precursor should be freshly isolated and used for each new experiment, to minimize thermal losses and to limit complicated surface chemistry by multiple gas phase species (e.g., 1, 2, carbodiimide, and guanidine).
Deposition of indium nitride by plasma and thermal methods are presently being studied using this 1. 
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